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Abstract.
Besides performing multiple ecosystem services individually and 20 collectively, biocrust constituents may also create biological networks connecting spatially and temporally distinct processes. In the fungal loop hypothesis, rainfall 22 variability allows fungi to act as conduits and reservoirs, translocating resources between soils and host plants. To evaluate the extent biocrust species composition and 24 N form influence loops, we created a minor, localized rainfall event containing 15 
NH4
+ and 15 NO3 -and measured the resulting d and nutrient turnover rates (Hattenschwiler et al. 2005) ; and by forming multiple types of endophyte-plant symbioses (Johnson et al. 1997 , Saikkonen et al. 2004 . 54
Endophytic fungi, in particular, form hubs connecting spatially and temporally distinct microbial-mediated soil processes and plants. For example, the pervasive 56 distribution of mycorrhizae in mesic systems allows common mycorrhizal networks to deliver essential resources, which promotes or hinders seedling growth depending 58 on the network species composition (van der Heijden and Horton 2009), and facilitates the one-way transfer of multiple forms of N and P between two plant 60 species linked by arbuscular mycorrhizae and ectomycorrhizae (He et al. 2003 , Walder et al. 2012 ). In xeric systems, endophytic fungi are also implicated in moving 62 resources within biological networks in a theory known as the fungal loop hypothesis.
The hypothesis states that fungi, supported by biotrophic C from plants and terrestrial 64 cyanobacteria, act as intermediate reservoirs transforming and translocating resources between soils and plants (Collins et al. 2008 (Collins et al. , 2014 . Perhaps the most notable 66 example of a fungal loop, albeit from a limited number of studies, occurred in fungaldominated cyanobacteria biocrusts from a Chihuahuan Desert grassland. Specifically, 68 15 
NO3
-applied to a root-free biocrust rapidly moved into the perennial grass, Bouteloua sp., up to 1 m away within 24-hours ). Furthermore, 13 C-70 labeled glutamic acid applied to leaf surfaces of Bouteloua was found in biocrusts.
Despite the intriguing evidence, many aspects of this burgeoning hypothesis remain to 72 be validated (Collins et al. 2014 ).
74
Biocrust composition and soil moisture availability interactions may dictate the movement of resources in fungal loops. Desert fungal-plant interactions occur across 76 spatially discontinuous patches of vegetation interspersed by patches of soils colonized by biocrusts (Belnap et al. 2005) . Fungi participating in loops are 78 necessarily associated with a mosaic of other biocrust organisms (i.e., cyanobacteria, green algae, lichens, mosses, and other bacteria). The metabolic activity of biocrust 80 constituents participating in fungal loops, including plants, are moisture-dependent and regulated by the magnitude and seasonality of episodic rainfall events. A pulse-82 reserve paradigm (Collins et al. 2008 ) may explain biological activities where minor rainfall pulses stimulate microorganisms, generating reserves of resources to be 84 exploited during subsequent rainfall events , Welter et al. 2005 ).
In such loops, minor rainfall events may stimulate N2 fixation by free or lichen-86 associated cyanobacteria (Belnap et al. 2003) , N mineralization by bacteria and fungi Trappe 1998). Dark septate endophytes are thermal-and drought-tolerant fungi due to melanin-rich cell walls conferring protection from UV and drought stress (Gostincar 108 et al. 2010) . Taken together, the prevalence of dark septate fungi in desert systems, along with their ability to maintain metabolic activity under low water potentials 110 (Barrow 2003) , makes these endophytes excellent candidates to translocate resources in loops 
Biomass estimations of major fungal components
To investigate the potential for fungi to translocate our 15 N forms, we estimated the 192 biomass of two major divisions of fungi (Ascomycota and Basidiomycota) and bacteria in biocrusts using quantitative PCR. From the frozen biocrust samples, we 194 extracted genomic DNA using a DNeasy PowerLyzer PowerSoil Kit (Qiagen, MD, USA) and quantified the gene copy numbers of Ascomycota and Basidiomycota on a 196
Mastercycler EP Realplex qPCR (Eppendorf, Hamburg, Germany) with SYBR Green.
We amplified division-specific regions of the internal transcribed spacer (ITS) with 198 primer pair ITS5 (forward) and ITS4A (reverse) for Ascomycota (Larena et al. 1999) and ITS4B (forward) and 5.8sr (reverse) for Basidiomycota (Fierer et al. 2005 ). We 200 selected the universal bacterial 16S rRNA primer set EUB338, forward, and Eub518, reverse, to estimate the biomass of bacteria (Aanderud et al. 2013 ). In 12.5 µl 202 reactions, using KAPA2G Robust PCR Kits (KAPA Biosystems, Wilmington, MA, USA), we amplified targeted genes using the following thermocycler condition: an 204 initial denaturation step at 94ºC for 3 min followed by 35 cycles of denaturation at 94ºC for 45 s, annealing at either at 55 ºC (Ascomycota), 64ºC (Basidiomycota), or 206 60ºC (bacteria) for 30 s, and extension at 72ºC for 90 sec. We generated qPCR standards for Basidiomycota, Ascomycota, and bacteria from biocrusts using the 208 TOPO TA Cloning® Kit (ThermoFisher Scientific, MA, USA) as outlined by locations × 2 N forms × ≈ 1 -5 biocrusts = 48). DNA from eight moss-dominated and four cyano-dominated biocrusts were difficult to amplify, especially one moss 216 biocrust circular plot reducing the number of replicants from five to one. We used the lm function in R and treated plot as a random factor and gene copy number nested 218
within plot. We further tested for differences in our biomass estimates between the crust types using multiple t-tests and a Benjamini-Hochberg correction to control for 220 the false discovery rate associated with multiple comparisons (Benjamini and Hochberg 1995) . 222
Biocrust fungal communities 224
To identify the fungal taxa participating in N translocation, we characterized fungal communities in biocrusts using bar-coded sequencing. We PCR amplified the V9 226 region of the 18S rRNA gene using a universal eukaryote primer set, 1391F and applying a similarity threshold of 97%, using QIIME's default OTU clustering tool-13 uclust (Edgar et al. 2011 ). Taxonomies of representative OTUs were assigned using 246 uclust and the 18S rRNA gene SILVA 128 database which was clustered into OTUs at 97% similarity (Quast et al. 2013 ). To evaluate if biocrust type supported similar 248 fungal composition, we calculated the relative recovery of 27 fungal orders, including dark septate lineages. We tested for differences between biocrust types using t-tests 250 and a Benjamini-Hochberg correction (2 biocrust types × 6 randomly selected biocrusts = 12). 252 , (t-test, t = 4.5, 312 P < 0.0001, df = 1).
314
Dark septate fungi as major components of biocrusts
Four of the nine fungal orders, known to contain dark septate endophyte members, 316
were present in both biocrust types, with the Pleosporales and Pezizales being dominant taxa. In biocrusts, fungi comprised much of eukaryotic community 318 (cyanobacteria = 30% ±4.7 and moss = 33% ±4.0), Ascomycota was the most common fungal division (cyanobacteria = 82% ±2.8 and moss = 87% ±2.9), and 320 orders with known dark septate members accounted for at least 67% of the Ascomycota (cyanobacteria = 83% ±4.8 and moss = 67% ±8.6, figure 3). In 322 cyanobacteria biocrusts, Pleosporales accounted for 66% (±6.9) of all dark septates and the recovery of this taxa was twice as high in cyanobacteria-than moss-324 dominated crusts (t-test, t = 03.0, P = 0.01, df = 1). Even though the relative abundance of Pleosporales differed, the number of gene copies of Pleosporales was 326 similar between the two biocrusts (cyanobacteria = 1.7×10 7 ±6.3×10 6 and moss=2.9×10 7 ±1.3×10 7 , t-test, t = 0.99, P = 0.35, df = 1) as determined by an 328 extrapolation of qPCR values in conjunction with percent recovery of taxa for Ascomycota. The Pezizales comprised a relatively large percentage of the biocrust 330 community in moss-dominated biocrust with a recovery of 15% (± 8.3) and 28% (± 9.0) in cyanobacteria-and moss-dominated crusts, respectively (t-test, t = 1.1, P = 332 0.32, df = 1). Eukaryotic community data was based on the recovery of 1,232,312 quality sequences and 5,176 unique OTUs. 334
Discussion 336
In biological networks, the magnitude and direction of resource transfer in fungi is predominantly thought to be influenced by the physiological source-sink gradients 338 created by individual plants (Fellbaum et al. 2014) 
Fungal loops only in cyanobacteria-dominated crusts 354
Our findings suggest that fungal loops do occur in cyanobacteria-dominated biocrusts.
Biocrust components, predominantly cyanobacteria, are known to fix and secrete up 356 to 50% of their newly fixed C and 88% of N into surrounding soils within minutes to days of fixation, depending on precipitation characteristics (Belnap et al. 2003 , respectively). The lack of 15 N 364 movement from labeled nitrate in our study may stem from the short time period that we employed to measure translocation. When Green et al. (2008) evaluated 15 N 366 movement at two time points, 24 hours and four days after tracer application, they found that biocrust enrichment consistently increased over time. Therefore, if we had 368 continued to assess biocrusts isotopic signatures after 24 hours, we potentially could have captured the movement of labeled nitrate as well. 370
Addressing the lack of loops in moss-dominated crusts 372
The seeming lack of loops in moss-dominated crusts may stem from the relatively large moss biomass of S. caninervis effectively absorbing and holding N from our 374 minor wet deposition event. We measured elevated levels of biomass of all biocrust constituents (i.e., mosses, fungi, and bacteria) in moss-dominated relative to 376 
